A Ca2"-activated neutral protease was purified to homogeneity from an aquatic Phycomycete fungus, Allomyces arbuscula. It requires millimolar concentrations of Ca24 for activation (1.8 to 2 mM for 50% activation). Sr2' can replace Ca2' but at higher concentrations (4 mM for 50% activation). The enzyme is a dimer of 40-kilodalton subunits and contains six cysteine residues, three of which are revealed only after the addition of micromolar concentrations of Ca24; the other three are free. Enzyme activity is strongly inhibited by SH-group inhibitors and some trypsin inhibitors (leupeptin and a-N-tosyl-L-lysine chloromethyl ketone). The enzyme lacks general trypsinlike specificity, since substrates containing tryptic cleavage sites are not cleaved nor is enzyme activity inhibited by other trypsin inhibitors. The enzyme has many functional similarities to the extensively characterized mammalian and avian Ca24-activated neutral proteases but differs in its substrate specificity, inhibition by a-N-tosyl-L-phenylalanine chloromethyl ketone, and subunit structure.
tive mycelia has an absolute requirement for Ca2" for its activity and is, therefore, strongly inhibited by metal chelators like EDTA and EGTA [ethylene glycol-bis(,B-aminoethyl ether)-N-N-N'-N'-tetraacetic acid]. It is inhibited by phenylmethylsulfonyl fluoride (PMSF), a serine protease inhibitor, but only at relatively high concentrations. The preparation from differentiated mycelia, which does not require Ca2" for its activity, is very sensitive to PMSF. In this report we present details of the purification and some properties of the vegetative enzyme.
MATERIALS AND METHODS
Organism and cultural conditions. The experimental strain of A. arbuscula Butl. was maintained on YpSs agar medium (6) as previously described (16) . Zoospores liberated from a young sporophytic culture were inoculated on filter pads placed on the solidified YpSs medium in petri plates 14 cm in diameter. After 4 to 5 days of incubation at 32°C, the pads were removed, placed in sterile plastic petri plates, and flooded with approximately 60 ml of sterile distilled water.
After 30 min at room temperature the water was replaced, and the incubation was continued up to 4 h for the induction and liberation of zoospores. The dense zoospore suspension was pipetted off and inoculated into GCY medium (21) . A single pad gave approximately 6 x 106 spores. The suspension obtained from two pads was used to inoculate a 10-liter carboy containing 6 liters of medium. The cultures were incubated with forced aeration at 32°C for 24 h, and the mycelia were harvested by filtration, squeeze-dried, and lyophilized.
Preparation of cell extract and purification of the enzyme. Unless stated otherwise, all operations were done in the cold * Corresponding author. room or on ice, and the proteins and protease activity were measured, respectively, with Coomassie blue and azocoll as described previously (17) . A typical purification procedure was as follows. A 22-g portion of freeze-dried mycelia was pulverized in a Waring blender. The powder was suspended in ice-cold extraction buffer (20 mM MOPS [morpholinepropanesulfonic acid], 2 mM EGTA, 2 mM EDTA, 1 mM dithiothreitol, 5 mM P-mercaptoethanol, 0.5 mM PMSF, 1 ,uM leupeptin, 1 mM benzamidine [pH 7.2]) and kept for 10 to 15 min with occasional stirring. The homogenate was then centrifuged at 48,000 x g for 40 min, and the supernatant was recovered, dialyzed overnight against two changes of 2 liters of extraction buffer, and then charged on a DEAE (DE 52)-cellulose column (20 by 1.5 cm) preequilibrated with extraction buffer containing 0.05 M NaCl. The column was extensively washed with the starting buffer (0.05 M NaCl in extraction buffer) to remove unbound proteins, and then the bound proteins were eluted with a concentration gradient of NaCl (0.05 to 0.4 M) in extraction buffer. Fractions containing protease activity were pooled, and proteins were precipitated by adding solid (NH4)2SO4 to 70% saturation and stirring the suspension for 3 h.
The precipitated proteins were collected by centrifugation (10,000 x g for 15 min), redissolved in a minimum volume of extraction buffer, and dialyzed overnight against the same buffer before chromatography on an Ultrogel column (110 by 0.9 cm). The column was eluted with extraction buffer containing 0.1 M NaCl.
Phenyl-Sepharose affinity chromatography was done by the method described by Gopalkrishna and Head (7) , with modifications in the concentration of Ca2+ and leupeptin in the binding buffer and EGTA in the elution buffer. The binding buffer contained 5 mM Ca2+ and 1 ,uM leupeptin, and the elution buffer contained 10 mM EGTA (instead of 5 mM Ca2+, 20 ,uM leupeptin, and 5 mM EGTA [7] ). The active fractions from the phenyl-Sepharose column were rechromatographed on a DEAE-cellulose column prepared in a 10-ml disposable plastic syringe preequilibrated with MOPS buffer to concentrate the enzyme. The proteins were eluted with a concentration gradient of NaCl (0 to 0.3 M) in MOPS buffer.
Amino acid analysis. The amino acid composition was determined by high-pressure liquid chromatographic separation of the amino acids from a 24-h hydrolysate in 6 N HCl at 108°C. Molar ratios were determined by monitoring the fluorescence of the effluent after orthopthaldehyde (OPA) derivatization.
Titration of cysteine residues. The numbers of accessible and masked cysteine residues were determined by titration with 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB) as described by Habeeb (8) , with a modification to the buffer system. Instead of the phosphate buffer used by Habeeb, we used Tris-EGTA-MgCl2 buffer (20 mM Tris, 3 mM EGTA, 4 mM MgCl2 [pH 7.5]) to study the effect of Ca2+ ions on the configuration of the enzyme and demasking of buried cysteine residues.
Glycoproteic nature of the enzyme. The presence of glycosylated residues was demonstrated by (i) affinity chromatography of the enzyme on concanavalin A-Sepharose as described by Mas-Oliva et al. (13) and (ii) direct staining of glycosylated residues in the enzyme in polyacrylamide gels after electrophoresis, by the highly sensitive periodic acidsilver stain method of Dubray and Bezard (5) .
Gel filtration. The approximate molecular mass of the purified enzyme was determined by gel filtration on a Sephacryl 300 column (0.9 by 56 cm) calibrated with thyroglobulin (660 kilodaltons [KDa]), ferritin (440 kDa), catalase (232 kDa), aldolase (152 kDa), and cytochrome c (13 kDa) as molecular mass standards. The peak of enzyme in the eluting fraction was assayed by its activity toward azocoll as a substrate.
Gel electrophoresis. Electrophoresis under nondenaturing conditions was done in homogeneous 7.5% or 4 to 30% polyacrylamide gradient gels in accordance with the Pharmacia manual, p. 8). Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (10%) was done by the method of Laemmli (12) . Isoelectric focusing of the purified enzyme was done as described by O'Farrell (15) . The enzymatic activity of the protein band in SDS-polyacrylamide gels was demonstrated by incorporating 0.1% gelatin in polyacrylamide as a substrate as described by Heussen and Dowdle (9) . The enzyme was renatured after SDS-PAGE, essentially as described by Lacks and Springhorn (11) with some modifications. Electrophoresis was done overnight in the cold room. After electrophoresis, the activity gels were washed by agitation, with two to three changes, first in 150 ml of 2% Triton X-100 and then with 20 mM Tris hydrochloride (pH 7.3) containing 5 mM Ca2+ to remove the detergent and activate the enzyme. For the controls, Ca2+ was omitted from the incubation mixture. The gels were then incubated at 30°C for 12 to 24 h in the activation buffer and stained with Coomassie blue for 10 min, and excess stain was removed with acetic acid-methanol.
Substrate specificity. Substrate specificity was tested with a variety of proteins and peptides. The proteins tested were collagen and its derivatives (gelatin, azocoll, and hide powder azure), casein and azocasein, bovine serum albumin, and hemoglobin. The assay with proteins as substrate was carried out in Eppendorf tubes as follows. The reaction mixture in 0.5 ml contained 2.5 mg (hide powder azure, azocoll, or azocasein) or 5 mg (from a 1% solution of casein or hemoglobin) of substrate, 5 mM Ca2+, and an appropriate amount of buffer (40 mM Tris hydrochloride, 3 mM EGTA, 4 mM MgCl2 [pH 7.5]). The reaction was started at 37°C by the addition of enzyme and stopped after 30 min either by quenching the tubes in ice (azocoll and hide powder azure) or by the addition of 40 ,ul of 50% trichloroacetic acid to precipitate the protein: in the latter instance the tubes were left in ice for 1 h. The tubes were then centrifuged, and the supernatant was read at 595 nm (hide powder azure), 520 nm (azocoll), after neutralization, at 440 nm (azocasein), or at 280 nm (for other protein substrates).
The reaction with synthetic peptides or cytochrome c fragments was carried out in Tris-EGTA-MgCl2 buffer in the presence of 5 mM Ca2 . Samples of the mixture were taken at various intervals, applied to Whatman no. 1 chromatographic paper, and subjected to electrophoresis at 3,000 V for 30 min to separate hydrolyzed products from the substrate. The reaction with p-nitroanilides was done as described by Achstetter et al. (1) , and that with the fluorogenic peptide was done as described by Sasaki et al. (20) .
RESULTS
Purification. The results of enzyme purification are shown in Table 1 . The procedure resulted in a 300-fold increase in activity compared with that of the crude homogenate. The final preparation had a specific activity of 137,000 U mg of protein-' and the recovery of the enzyme was 2% of the total activity. The elution profiles obtained in chromatographic separations are shown in Fig. la to c. Two peaks of proteolytic activity, a minor peak eluting at 0.08 M NaCl and a major peak eluting at 0.15 mM NaCl, were obtained on DEAE-cellulose columns (Fig. la ). Only the major peak was used for subsequent purification and characterization. The filtration of this peak on Ultrogel gave a single peak of activity ( Fig. lb) , but the enzyme was still contaminated with other proteins and was therefore further purified on a phenyl-Sepharose affinity column. The enzyme eluted as a single homogeneous peak (Fig. lc) . The presence of Ca2+ was found to be absolutely necessary for binding of the enzyme to phenyl-Sepharose. Sometimes a second DEAE (DE 52) chromatographic procedure was done to concentrate the enzyme. The protein samples from different stages of purification were analyzed by SDS-PAGE. Silver nitrate staining of the gel showed that the fractions eluting from phenyl-Sepharose were free from any contaminating protein ( Fig. ld) .
Properties of the enzyme. The molecular mass of the native enzyme determined by gel filtration on Sephacryl 300 was 90 kDa. It was 84 ± 0.7 kDa in native gels (10 measurements) ( Fig. 2A ). In SDS-polyacrylamide gels a single band corresponding to 40 + 0.4 kDa, (14 measurements) was obtained (Fig. 2B ). A comparison of the native and subunit molecular masses suggested that the enzyme is a dimer. However, isoelectric focusing showed two bands, the major one stabilizing at a pI of 5.6 and a minor one at pl 5.2, both migrating at the same Rf value in the second dimension ( Fig. 2E) , indicating that the two bands have the same molecular mass. Electrophoresis in 7.5% polyacrylamide gels under nondenaturating conditions. (B) SDS-PAGE (0.1% SDS-12.5% polyacrylamide). (C) Activity gel (procedures described in the text) showing that the purified enzyme is the active protease. (D) SDS-PAGE and subsequent periodic acid-silver nitrate staining, as described by Dubray and Bezard (5) , showing that the 40-kDa band is glycosylated. (E)'Isoelectric focusing (IEF) of the enzyme in bidimensional electrophoresis as described by O'Farrell (15) . The gels in panels A, B, and E were stained with silver nitrate as described by Merril et al. (14) . The In the activity gel (procedures performed as described in Materials and Methods) the purified enzyme appeared as a clear band representing the undigested zone against the dark background of stained digested gelatin (Fig. 2C) . The staining of the enzyme band with periodic acid-silver after SDS-PAGE gave dull yellow staining, indicating that the enzyme contained glycosylated residues (Fig. 2D ). Further, affinity chromatography of the enzyme on concanavalin A-Sepharose gave more than 90% binding which was so tight that the enzyme could not be eluted with a buffer containing 0.5 M methyl-a-D-mannopyranoside or N-acetylglucosamine. (i) Amino acid composition. The relative content of amino acids, expressed as a percentage, is shown in Table 2 . The total content of cysteine, proline, and tryptophan residues, which were not determined, was assumed to be 5%. There is a high content of acidic residues (although a proportion are no doubt amidated in the native protein) that account for the low pl. It is noteworthy that among the basic residues, the content of arginine relative to that of lysine is high. This may be related to an anion-binding function (19) .
(ii) Cysteine residues. Three cysteine residues per monomer were titrated with DTNB in Ca2"-free buffer. A further three residues were titrated after the addition of a micromolar concentration of Caa2+ ions to the reaction mixture. No more titrable cysteine residues were obtained after a further increase in Ca2+ concentration above 10 ,uM or complete denaturation of the protein with guanidine hydrochloride.
Our experiments also showed that the concentration of Ca2+ required to induce this conformational change was far less than that needed to activate the activity (Fig. 3 ).
(iii) Ca2' requirement for enzyme activity. The activity of the purified enzyme was absolutely Ca2 -dependent. The half-maximum activation of the enzyme activity required 1.8 mM Ca2+. Sr2+ could replace Ca2+ but with lesser efficiency (half-maximum activation required 4 mM) ( Fig. 4) . Other divalent cations such as Mg2+, Mn2+, Cu2", Zn2+, Ba2+, and Sn2+ were found to be ineffective.
(iv) Substrate specificity. The peptides used had the following sequences: Lys-Phe; Arg-Lys; Met-Leu-Phe; Boc-Met-Asp-Phe-NH2; fragments 1-65, 66-80, and 81-104 of cytochrome c; the chromogenic peptides Cbz-Gly-Gly-Leu-Nan and Suc-Ala-Ala-Pro-Phe-Nan; and the fluorogenic peptide Suc-Leu-Tyr-AMC (where Boc is t-butoxycarbonyl, cbz is benzyloxycarbonyl, Suc is succinyl; Nan is p-nitroanalide, and AMC is 7-amino-4-methylcoumarin). Cleavage was not (10 nM) Reactive aldehyde 632 1 group, inhibits proteases with binding specificity for arginine residues Pepstatin (1 mM) Inhibitor of proteases 71,776 120 with specificity for hydrophobic amino acids a Relative to the activity in the presence of 10 mM Ca21 (59,466 U mg of protein-'). The corresponding specific activity in the absence of Ca2+ was 947 U mg of protein-'. b TPCK, Tolylsulfonyl phenylalanyl chloromethyl ketone. observed, even on prolonged incubation, with any of these substrates. This indicates that the enzyme has no nonspecific digestive activity. Among the proteins tested as substrates, limited activity was seen with hemoglobin and casein; collagen and its derivatives gelatin and azocoll were rapidly cleaved.
Inhibitors. The SH-group-binding agents iodoacetate and HgCl2 were strong inhibitors ( Table 3) ; 3-mercaptoethanol, an SH-group-protective compound, slightly stimulated enzyme activity. In general, inhibitors directed to proteases with specificity for basic residues were effective, whereas all others were not. However, results with the trypsin inhibitors show that the binding site is not homologous with that of trypsin itself. The serine protease inhibitor PMSF required a much higher concentration than did benzamidine to exert a significant inhibitory effect. The concentrations required for half-maximal inhibition of the enzyme activity for leupeptin, benzamidine, ot-N-tosyl-L-lysine chloromethyl ketone (TLCK), and PMSF and were 0.5 nM, 400 M, 10 nM, and 1.6 mM, respectively.
DISCUSSION
We purified to homogeneity a proteolytic enzyme of a novel class. Although it shows properties in common with known proteases, it exhibits certain unique features. The enzyme is affected by calcium in two ways. At micromolar concentrations the ion, presumably by binding at a site with high affinity, induces a conformational change that (i) increases its apparent hydrophobicity (unpublished results) and (ii) exposes buried cysteine residues. Ca2+-dependent surface change and consequent exposure of hydrophobic residues has been recorded for many Ca2"-binding proteins (2) . The exposed hydrophobic sites of these proteins bind to target proteins, plasma membranes, and phenyland octyl-Sepharose (10, 22; unpublished results).
At millimolar concentrations, binding of calcium to a site with lower affinity induces proteolytic activity. Ca2+, which may be replaced quite satisfactorily with Sr2+ but no other divalent cation, may function directly at the active site or induce a second conformational change. The quaternary VOL. 170, 1988 on October 20, 2017 by guest http://jb.asm.org/ Downloaded from 1260 OJHA AND WALLACE structure of the protein, a dimer of subunits of about 40 kDa, is however quite unlike those of other known Ca2+-dependent proteases, such as calpain. The latter has been reported to be a heterodimer of 80 kDa and 30 kDa or in some instances only a monomer of 80 kDa (23) .
It is probable that the protein is a sulfhydryl protease. It was strongly inhibited by iodoacetate and Hg2+, and DTNB titration showed a total of six cysteine residues, three of which were revealed by Ca2+ binding to the high-affinity site. Alternatively, SH groups might be involved in Ca2+ binding. SH proteases are frequently found in plant materials; some of them, for example, papain, while exhibiting a fairly broad specificity show some preference for peptide bonds C terminal to lysyl residues. Our enzyme, however, seems to be inhibited only by reagents active against proteases with trypsinlike specificity. Nevertheless, the protein is not a serine protease: PMSF was inhibitory only at very high concentrations, presumably on modification of numerous nonessential hydroxyl amino acids. The enzyme also resembles cathepsin B, an animal sulfhydryl protease with specificity for lysine and arginine residues, but which has a low pH optimum (3) . Unlike mammalian Ca2+-activated neutral proteases, in which glycosylated residues have not been shown, the Allomyces enzyme is highly glycosylated. The glycan moieties in the protein might play a role either in the maintenance of stability and protection against proteolysis or in the Ca21dependent binding of the enzyme to plasma membranes (18) .
The protease did not cleave an" of a wide range of small-molecule substrates containing very many possible cleavage sites. It thus seems likely that the protein has a high-order specificity than that of the simple digestive or degradative proteases, like papain or cathepsin B, which would imply some highly specific cellular function. In this aspect the enzyme resembles the mammalian Ca2+-dependent protease calpain (23), although Suc-Leu-Tyr-AMC, a very good substrate for calpain (20) was not hydrolyzed by the fungal enzyme even after an extended period of incubation. This further implies that despite functional similarities to calpain, this enzyme has a different order of specificity. The specific enzymes responsible for animal hormone processing are thiol proteases and, like trypsin, have specificity for lysine and arginine residues but often require a dibasic amino acid pair, Lys-Arg or Arg-Arg (4) .
Given the antiquity of the divergence of fungi, plants, and animals, it is not surprising that the enzyme should differ considerably from other known proteases. It is interesting that a Ca2+-dependent protease should have arisen independently in the fungi. Evolutionary convergence is also implied by the finding of a trypsinlike specificity ,with respect to inhibition in a nonserine, and probably sulfhydryl, protease. This may be due to nothing more significant than the easy target for strong binding, necessary for proteolysis, afforded by the long-chain basic amino acids lysine and arginine. Nevertheless the question of a functional role for this specificity must remain open until the role of the enzyme itself in the fungal mycelia is resolved.
